Hemodynamically significant preterm patent ductus arteriosus (PDA) affects mortality; comorbidities such as necrotizing enterocolitis, intraventricular hemorrhage, and bronchopulmonary dysplasia; and adverse long-term neurodevelopmental outcomes in preterm infants, particularly in very low birth weight infants. However, recent studies have indicated that there is no consensus on the causal relationship between PDA and neonatal outcomes, the benefit of PDA treatment, the factors guiding the need for treatment, and optimal treatment strategies. Such uncertainty has resulted in wide variations in practice for treating preterm PDA between units, regions, and nations. Nowadays, there has been a paradigm shift to more conservative treatment for preterm PDA, and suggestions regarding selective management of preterm PDA considering risk factors and hemodynamic significance are increasing. Neonatologist-performed echocardiography and advances in modalities to assess hemodynamic significance such as biologic markers and near-infrared spectroscopy also help improve the efficacy of selective treatment of preterm PDA.
Introduction
The ductus arteriosus normally constricts and functionally closes by 72 hours after birth in term infants. However, in preterm infants, particularly those at <28 weeks' gestational age (GA), the rate of spontaneous ductal closure decreases, and treatment may be required if patent ductus arteriosus (PDA) shows hemodynamic significance, because PDA affects many comorbidities and the mortality rate in preterm infants, particularly in very low birth weight (VLBW) infants. [1] [2] [3] However, there are many controversies on the influence of preterm PDA and efficacy of PDA treatment on neonatal outcomes in preterm infants. Here, we review current research data on the definition and influence on neonatal outcomes of hemodynamically significant PDA (hsPDA) and optimal treatment modalities of preterm PDA considering hsPDA.
Natural history of preterm PDA
Physiologically, the ductus arteriosus should be patent in fetal life to provide oxygensaturated blood from the placenta to the fetus, predominantly via the right-to-left shunt. In most term infants, the ductus arteriosus usually constricts within 72 hours of birth and is functionally followed by anatomical remodeling. 4) However, in preterm infants, the ductus hsPDA. 19, 20) The left atrium-to-aortic root (LA/Ao) ratio is the most frequently used echocardiographic parameter of hsPDA. 10) Enddiastolic reversal of blood flow in the aorta, right ventricular systolic pressure, left ventricular end-diastolic diameter, and left pulmonary artery (LPA) diastolic flow velocity are also used as echocardiographic parameters of hsPDA. HsPDA is usually defined by the presence of at least one of the following criteria: internal ductal diameter of ≥1.5 mm, LA/Ao ratio between 1.4 and 1.6 in moderate PDA and >1.6 in large PDA, and LPA diastolic flow velocity of >0.25 m/sec. 21) Neonatologists performing functional echocardiography suggested essential echocardiographic parameters and transductal shunt volumes for each parameter (Table 1) . 22, 23) PDA severity scoring system
For guidance on the need of PDA treatment, McNamara and Sehgal 11) suggested a PDA staging system using clinical and echocardio graphic parameters to determine hsPDA magnitude and judge the necessity of treatment. This staging system is generally accepted; many studies are conducted based on it.
3) Sehgal et al. 24) suggested the PDA severity scoring system at the time of treatment adjudicated by functional echocardiography and proved that a high composite score at the time of treatment correlates with a higher incidence of subsequent chronic lung disease (CLD). 24) El-khuffash et al. 25) suggested the use of the PDA severity score on day 2 after birth for predicting the later occurrence of CLD/death. The PDA severity score included GA, PDA diameter, left ventricular output, maximum shunt velocity across PDA, and late diastolic velocities using pulsed wave Doppler. Using this score, a cutoff of 5 has sensitivity and specificity of 92% and 87%, respectively, for the combined outcome of CLD and death.
PDA treatment modalities
When deciding whether PDA treatment is needed, we have to consider factors including GA, postnatal age, respiratory support level, existing comorbidities, clinical factors, echocardiographic findings such as ductal diameter and hemodynamic parameters, and cardiac biochemical markers such as BNP. Many neonatologists treat PDA when the benefit of treatment outweighs the risk. However, there are controversies whether PDA affects adverse neonatal outcomes and whether PDA treatment can improve neonatal outcomes considering side effects. Therefore, variation in practice for treating preterm PDA is higher than that for treating other preterm comorbidities. Variations for treating preterm PDA exist between physicians within individual centers, units, and regions. 26) The broadly accepted consensus in preterm infants is that treatment is recommended for hsPDA, when clinically and echocararteriosus is still patent after birth, with a failure rate of constriction up to 70% in infants at <28 weeks ' GA 5) and 80% at 24-25 weeks'
GA. 6) When Herrman et al. 7) followed VLBW infants who still had preterm PDA after discharge from the neonatal intensive care unit (NICU), almost all had spontaneous PDA closure during early infancy at a median postmenstrual age of 48 weeks. 
PDA incidence in VLBW infants

Hemodynamically significant PDA
HsPDA is usually defined if there is PDA with significant left-toright shunt through the ductus arteriosus, which is confirmed by echocardiography and clinical evidence of systemic hypoperfu sion and pulmonary overcirculation. PDA symptoms include hypotension, particularly decreased diastolic blood pressure, characteristic systolic murmur, tachycardia, hyperactive precordium, and wide pulse pressure. Chest radiography reveals increased pulmonary vascularity and left heart dilatation in hsPDA. Although several studies have been conducted on hsPDA worldwide and McNamara and Hellman suggested a PDA staging system using clinical and echocardiographic parameters, the definition of hsPDA even in randomized controlled trials (RCTs) varies widely and lacks consensus. 10, 11) When combined with echocardiographic parameters, biological markers such as brain natriuretic peptide (BNP) and NTproB-type natriuretic peptide are used to predict hsPDA and the response to pharmacologic treatment. [12] [13] [14] [15] [16] [17] Recently, near-infrared spectroscopy was used to identify mesenteric hypoperfusion asso ciated with hsPDA; therefore, simultaneously monitoring splanchnic near-infrared spectroscopy and echocardiography can more easily identify hsPDA with ductal steal.
18)
Echocardiographic assessment
Among echocardiographic parameters associated with hsPDA prediction, internal PDA diameter is well known for recognizing Korean J Pediatr 2019;62 (7):245-251 diographically confirmed. Early targeted treatment using echocardiography in the first 72 hours in extremely preterm infants is an interesting treatment option; benefits of early targeted treatment are being tested in large RCTs.
27)
Pharmacologic treatment
Cyclooxygenase inhibitor (COXI) therapy is the gold-standard pharmacologic treatment for PDA. In Korea, indomethacin is unavailable now since the supply of medicines from pharmaceutical companies of Korea has been disontinued, so most NICUs use ibuprofen for pharmacologic treatment (up to 95.8% of infants). 8) According to the 2017 KNN annual report, the drug was intravenously administered in 74.6% of infants.
According to meta-analyses on the efficacy of ibuprofen and indomethacin, there are no differences in the treatment effect, with relatively less side effects including necrotizing enterocolitis (NEC) and transient renal insufficiency. 28) Other meta-analyses on the association of placebo, indomethacin, ibuprofen, and acetamino phen with hsPDA closure suggested that high oral ibuprofen dose (15-20 mg/kg oral followed by 7.5-10 mg/kg oral every 12-24 hours, 3 doses totally) was associated with a higher likelihood of hsPDA closure. 29) However, nephrotoxicity and pulmonary hyper tension after ibuprofen administration were reported in some units, which are severe side effects. 30, 31) Hyperbilirubinemia was also associated with ibuprofen use. 32, 33) As an alternative to ibuprofen, acetaminophen is considered, however, there is no report about the use of acetaminophen in Korea till now. In some RCTs on the efficacy and safety of oral paracetamol versus oral ibuprofen in hsPDA treatment, oral paracetamol was as effective as ibuprofen for hsPDA closure and was as safe as oral ibuprofen. [34] [35] [36] According to the Cochrane Database review, paracetamol is as effective as ibuprofen with moderate-quality evidence and paracetamol is more effective than placebo or no intervention with low-quality evidence. There was no difference in neurodevelopmental outcomes between paracetamol and ibuprofen. 37) Acetaminophen had relatively less toxicity than ibuprofen and indomethacin. However, acetaminophen hepa totoxicity should not be overlooked during preterm PDA treament. 31) Till date, acetaminophen can be considered an optimal substitute to ibuprofen; however, more information is needed on the influence of acetaminophen on preterm infant neurodevelopment.
Surgical treatment
PDA ligation can be performed when pharmacologic PDA treat- 40) suggested that when neonatal outcomes of extremely preterm infants with persistent PDA after unsuccessful pharmacologic closure were compared between neonates who underwent surgical ligation and those who did not undergo ligation, there was no association between surgical ligation and the adverse composite outcome of death or neurodevelopmental impairment, neurodevelopmental impairment alone, BPD, or ROP among survivors.
Catheter-based PDA closure even in neonates with <2 kg of body weight at the time of the procedure was safe with shorter hospital stays than with surgical ligation. [41] [42] [43] [44] Catheter-based PDA closure in adults, children, and infants ≥6 kg was the historical treatment of choice, and evidence is increasing on the effectiveness and safety of catheter-based PDA closure in infants with lower weight (<6 kg). 45, 46) Abu Hazeem et al. 47) reported a faster recovery of respiratory function with percutaneous PDA closure in small infants whose birthweights less than 4 kg than with surgical ligation.
Conservative treatment
Considering the possibility of spontaneous PDA closure and iatrogenic adverse effects of PDA treatment in infants at <28 weeks' GA, conservative approaches are being increasingly used, such as positive pressure (e.g., lower inspiratory time and high positive end expiratory pressure) and fluid restriction (130 mL/kg/day after 3 postnatal days). 48, 49) Even in infants at extremely low GA, such as 24-26 weeks, no intervention was associated with lesser BPD than mandatory closure. 50) Placebo or no treatment did not significantly change the likelihood of mortality, NEC, or intraventricular hemorrhage (IVH) when compared with other treatment moda lities. 29) Although there has been increasing tendency for not treating preterm PDA, the consensus on PDA treatment suggests treating hsPDA rather than not treating it at all.
Prophylactic treatment of preterm PDA
Till now, there is no clear-cut guideline on the optimal timing of PDA treatment in preterm infants. Options considering the timing of PDA treatment are prophylactic treatment, early targeted/ presymptomatic treatment, late symptomatic treatment, and conservative or no treatment. The TIPP (trial of indomethacin prophylaxis in preterm infants) study showed that the risk of IVH decreased after prophylactic indomethacin treatment. Reports demonstrated that prophylactic indomethacin was effective in reducing hypotension, BPD, and BPD or death by closing PDA. 51, 52) However, Jensen et al. 53) reported that prophylactic indomethacin use varied in hospitals and was not associated with either reduced or increased risk of BPD or death. In a meta-analysis, there was a weak association between indomethacin prophylaxis and decreased mortality odds. 54) Till now, there are no reports suggesting the benefit of prophylactic ibuprofen treatment on mortality or neonatal outcomes.
55,56)
PDA treatment and neonatal outcomes
According to recent multicenter cohort studies on the treatment policy for preterm PDA, the proportion of preterm infants receiving PDA treatment decreased in VLBW infants, and there was a para digm shift from treating all preterm infants with PDA to a more conservative approach. [57] [58] [59] In a large population of infants at <30
weeks' GA using the Pediatrix Clinical Data Warehouse in the United States, there were significant decreases PDA diagnosis and treatment from 2006 to 2015. 60) The rationale for this change is due to the observation that active measures to close PDA did not decrease the mortality and major comorbidities in preterm infants [61] [62] [63] and that spontaneous ductal closure occurred in a substantial portion of infants, particularly in more mature infants, especially in infants with GA >29 weeks. For long-term neurodevelopmental outcomes, there are reports that PDA presence in moderately preterm, low birthweight infants does not impact long-term neurodevelopmental outcomes. 64) Routine prophylactic treatment of PDA on the day of birth is not superior in reducing BPD to delaying treatment by 2-3 days. 65) However, early pharmacologic treatment decreased BPD by reducing the moderate-to-large PDA shunt within the first 7-10 days after birth. After the first week, routine pharmacologic treatment seemed to no longer alter the course of BPD development compared with continued PDA exposure. 65) Contrary to the favor able outcome of the conservative management of preterm PDA, Hagadorn et al. 58) found that although the PDA intervention rate fell, the incidence of BPD, periventricular leukomalacia (PVL), ROP, and acute renal failure increased. When researchers assessed the difference in neonatal outcomes between units, the difference in PDA treatment policy was a signi ficant factor for such differences in outcomes. 66) PDA ligation, particularly early PDA ligation, was associated with worse neurodevelopmental outcomes. 39, 67) However, recent studies suggest that the influence of PDA treatment on neonatal outcomes differ according to GA. PDA ligation of preterm infants at <28 weeks' GA was not associated with composite outcomes of death or neurodevelopmental impairment. 68) PDA treatment with either COXI or ligation was associated with decreased mortality in infants born weighing 400-749 g. 66) However, some researchers suggest that there was no difference in neonatal outcomes between infants receiving PDA ligation and those not receiving ligation after failure Korean J Pediatr 2019;62 (7):245-251 in neonates; different software for practical echocardiography were introduced by Evans and Malcolm. In Japan, neonatologistperformed functional echocardiography has been conducted daily since the past; in Korea, some neonatologists are performing functional echocardiography these days.
Conclusion
There is no consensus of PDA effects on neonatal outcomes, treatment efficacy of preterm PDA on neonatal outcomes, and optimal timing and modality of preterm PDA treatment. Threfore, in practice, unit variation of treatment modality for preterm PDA is higher than those for other preterm morbidities. It will be helpful to perform studies knowing about the unit variation of treatment for preterm PDA in Korea using natinoal data such as the KNN database. Knowing about the unit variation in practice about preterm PDA will be also helpful to make a standardized protocol for PDA treatment and start nationwide quiality improvement about preterm PDA treatment. The requirement of NPE to perform targeted treatment of preterm hsPDA in an earlier life is increasing; special training courses on NPE should be provided by the Korean Society of Neonatology in the future.
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of pharmacologic PDA treatment. 40) Oral acetaminophen instead of surgical ligation after failure of treatment with indomethacin has been suggested by some neonatologists.
69)
Early targeted treatment and Neona tologistperformed echocardiography
Nowadays, many trials are performed on the early prediction of hsPDA and PDA-associated comorbidities, which attempt to assess the beneficial effects of early targeted PDA treatment. 27) Such targeted treatment is somewhat contrary to the current tendency toward conservative PDA treatment and the efficacy has not been confirmed yet. Recent evidence suggests that no single echocardiographic parameter or clinical marker accurately predicts PDA-related comorbidities including death, IVH, NEC, and BPD. Therefore, the combination of clinical and echocardiographic para meters and serial measurement of such markers are needed to im prove the predictability of PDA-related comorbidities. 25) NPE is used to select infants who would potentially benefit from treatment by hemodynamic significance estimation, spontaneous closure prediction, and mor bidity risk prediction. 23, 70) Neonatologists perform echocardiography daily to assess changes in hemodyna mics due to PDA and decide when to start pharmacologic treatment and stop before finishing one cycle of ibuprofen or indomethacin treatment, which can reduce drug side effects. Many researchers believe that echocardiographic indicators of hsPDA precede clinical symptoms of PDA by around 2 days. 71) The EPIPAGE2 study showed that early screening echocar diography before day 3 of life reduced inhospital mortality and pulmonary hemorrhage; however, it was not associated with differ ences in NEC, severe BPD, or severe cerebral lesions. 72) The European Society for Paediatric Research and European Board of Neonatology prepared the European consensus statement on NPE and developed a special training program divided into basic echocardiography training and advanced echocardiography training (Table 2 ). There are several valuable resources available on the Internet (Table 2 ). TnECHO was provided by ElKhuffash and McNamara and pro vided detailed information on performing echocardiography and obtaining useful parameters to judge the hemodynamic significance of PDA (Table 1) . Neonatal echocardiography skills are required to perform echocardiography 
